Hematopoietic lineage assessment demonstrated that there was loss of erythrocytes and B lymphocytes from the BM along with increased granulopoiesis. These changes were accompanied by splenomegaly due to lymphoid hyperplasia and increased hematopoiesis, most notably erythropoiesis. These changes largely mimic well-described inflammation and endotoxin-mediated effects on the BM and spleen; however, the numbers of peripheral blood neutrophils appear to be independently modulated as granulocytic hyperplasia does not result in neutrophilia. Our findings highlight a well-conserved series of events that we demonstrate can be instigated by an LPS-negative pathogen in the absence of an endotoxin-mediated acute proinflammatory response.
Hematologic complications result from a wide variety of infectious diseases and may significantly complicate the prognosis and outcome of these diseases. Infection and inflammation elicit alterations in all hematopoietic subsets. For example, endotoxin mediates a proinflammatory cascade of events including the release of systemic, proinflammatory cytokines, granulocyte efflux from the bone marrow (BM), the release of colony-stimulating factors, and a compensatory granulocytic hyperplasia (49, 54, 61, 65) . The expansion of the granulocytic compartment fuels a reactive neutrophilia that is balanced by reciprocal depletion of the BM lymphoid compartment by either mobilization or apoptosis of lymphocytes (58, 59) . Inflammation, infection, and injury also profoundly alter erythropoiesis and generally result in anemia. The pathogenesis behind alterations in erythropoiesis involves multiple factors, including cytokine-mediated erythroid apoptosis, a blunted BM response to erythropoietin, reduced iron availability, suppression of erythroid progenitor cell proliferation, and BM egress of erythroid progenitor cells (34, 40, 50, 51) . Infection and inflammation also modulate the numbers of platelets. Acute endotoxemia and acute viral infections are most frequently associated with thrombocytopenia. There are multiple mechanisms of thrombocytopenia, and they include increased platelet sequestration and destruction and inhibition of megakaryopoiesis (37) . Platelet kinetics can also be modulated by inflammationinduced production of interleukin-6 (IL-6), which promotes a reactive thrombocytosis (37) .
Anaplasma phagocytophilum, the agent of granulocytic anaplasmosis (GA) (formerly granulocytic ehrlichiosis), is a gram-negative, lipopolysaccharide (LPS)-negative (38) , obligate intracellular bacterium that resides primarily within circulating granulocytes (20, 25) . GA is an emerging, tick-borne infectious disease (26) . Unlike endotoxin-mediated events, infection with A. phagocytophilum typically results in multiple cytopenias in natural disease in both humans (5) and animals (7, 43, 48) , as well as in animal models of infection (10, 12, 33) . The cytopenias typically include mild nonregenerative anemia, mild to moderate leukopenia, and moderate to marked thrombocytopenia. The mechanism(s) underlying the cytopenias are not fully understood. Immune-mediated destruction or splenic sequestration of cells is unlikely as cytopenias occur within the first 2 to 5 days of infection, before a significant acquired immune response is mounted, SCID mice (lacking functional B and T cells) become cytopenic (10, 12, 33) , and splenectomized mice become thrombocytopenic (12) .
Multiple cytopenias are frequently associated with alterations in BM production of cells. Primary BM progenitor cells are susceptible to A. phagocytophilum infection (36) , and A. phagocytophilum DNA is present and may persist in BM during natural and experimental infections (8, 32) . Nonetheless, pathological changes associated with infection are largely thought to be inde-pendent of direct pathogen infection (17, 53) . Although routine histopathologic evaluation of BM from GA patients can reveal normo-to hypercellular marrow (39) , pathogens can have profound effects on hematopoiesis with limited morphological alterations of BM. Such effects include nonvisible effects on stromal cells, increased apoptosis of proliferating cells, and a lack of differentiation and proliferation of immature hematopoietic precursors (ineffective hematopoiesis) (22, 24, 44) . Hematopoietic cell trafficking and mobilization can be initiated by disruption of the CXCL12/CXCR4 axis in BM (15, 41, 59) . The CXCL12/CXCR4 axis is a key regulator of stem cell and lineage-committed progenitor cell trafficking.
The objective of this study was to characterize the hematopoietic response to infection with A. phagocytophilum, a pathogen that elicits multiple peripheral blood cytopenias. We hypothesized that infection would result in altered BM function. We found that infection with A. phagocytophilum resulted in rapid and profound multilineage deficits in hematopoietic progenitor proliferation or differentiation. This quantitative defect in hematopoiesis was accompanied by induction of myelosuppressive chemokines within the BM, shifts in BM hematopoietic subsets, including B-lymphocyte depletion, erythroid depletion, and granulocytic hyperplasia, and significant downregulation of CXCL12 in BM cells. Changes were independent of the pathogen burden or the route of pathogen inoculation. Our data, combined with data for characteristic multiple-lineage cytopenias, suggest that kinetic alterations in hematopoietic cell subsets may contribute to infection-induced cytopenias.
MATERIALS AND METHODS

Mice and in vivo experimental infection.
Mouse experiments were performed as previously described (11) . Female, 5-to 8-week-old C3H/HeN (C3H) and C3H/Smn.ClcrHsd-scid (SCID) mice were purchased from National Cancer Institute Animal Production Program, Frederick Cancer Research Center (Frederick, MD) and Harlan Sprague-Dawley (Indianapolis, IN), respectively. Mice were maintained according to approved institutional animal use and care protocols. Infection of C3H mice was performed either by infestation with infected nymphal ticks (11) or by intraperitoneal (i.p.) injection of infected SCID mouse blood (10, 33) , exactly as previously described. Both routes of inoculation result in successful infection with similar kinetics (32); however, tick infestation is more complicated and time-consuming. Thus, tick infestation was used to document that cytopenias and BM alterations occur in the mouse model using a physiologically relevant route of infection. For tick infestation, C3H mice were infested with A. phagocytophilum-infected or uninfected nymphal Ixodes scapularis ticks exactly as previously described (11) . Nymphal I. scapularis ticks were kindly provided by Durland Fish (Yale School of Public Health, New Haven, CT). The nymphal ticks included uninfected nymphs and nymphs infected with either the Spooner or Bradford isolate of A. phagocytophilum (both the Spooner and Bradford isolates infect mice and induce cytopenias; significant differences were not noted between A. phagocytophilum isolates). In brief, mice were anesthetized with ketamine/xylazine i.p. (Vetamine [Schering-Plough Animal Health Corp., Union, NJ] and TranquiVed [Vedco Inc., St. Joseph, MO]). One half of the mice were infested with four A. phagocytophilum-infected nymphal ticks each, and the other half were infested with uninfected ticks. Mice were killed with CO 2 on various days postinfestation depending on the experimental design (pathogen transfer from ticks delays infection by 48 h compared to i.p. inoculation) (32, 47) . Tick infestation experiments were repeated once. For i.p. administration, C3H mice were inoculated with 100 l of pooled infected (A. phagocytophilum strain NCH-1) or pooled uninfected SCID mouse blood exactly as previously described (33) . Infections in SCID mice were maintained through serial i.p. passage of infected blood (100 l of blood per injection). Experiments utilizing i.p. inoculation were repeated at least once. Serial hematology data were collected during all experiments to verify typical infection-induced hematologic alterations.
Tissue collection and processing. Blood, spleens, and BM were collected at necropsy. Blood was collected into EDTA by cardiocentesis. Blood was used for quantitative PCR (qPCR) to detect A. phagocytophilum p44 DNA and to obtain complete blood cell counts and differential leukocyte counts. Complete blood cell counts were determined using an automated analyzer (Advia 120; Bayer Corporation, Norwood, MA) within 4 h after blood was collected.
The spleen was removed and weighed, and tissue imprints were made for cytological evaluation. A section of the spleen was placed in 10% formalin for routine histology analysis. A single-cell suspension was made from the rest of the spleen for flow cytometic analysis. In brief, the spleen was finely minced with sterile scissors, resuspended in medium, and transferred to a 70-m nylon cell strainer (BD Biosciences, San Jose, CA). The parenchyma was pressed through the strainer, medium was added, and cells were allowed to settle for ϳ15 min.
The sternum was removed and placed in 10% formalin for routine histology analysis. Tissue imprints were made for cytological evaluation. BM was sterilely harvested from both femurs and tibias. In brief, intact bones with their musculature removed were placed in 70% ethanol for 2 min for disinfection and then For all experiments, there were four mice per group, the bars indicate the standard errors of the means, and an asterisk indicates a significant difference from the results for uninfected control mice sampled on the same day; the experiment was repeated once. Hematologic data for mice infected via i.p. injection have been published previously (10, 12, 33 5 unfractionated BM cells from each mouse using a Qiagen DNeasy tissue kit (Qiagen, Valencia, CA) according to manufacturer's instructions and exactly as previously described (10, 11) . DNA amplification to determine the A. phagocytophilum p44 copy number, data acquisition, and data analysis were performed with an ABI Prism 7700 sequence detector (Perkin-Elmer, Applied Biosystems, Foster City, CA) exactly as previously described (10, 32) .
Hematopoietic progenitor cell (HPC) assays. Aliquots of unfractionated BM were plated in duplicate according to the manufacturer's instructions in 35-mm tissue culture dishes and cultured in methylcellulose medium with recombinant cytokines for colony-forming (CFU) assays of murine cells (MethoCult GF M3434; StemCell Technologies, Vancouver, British Columbia, Canada). Aliquots of unfractionated splenic cells were plated in duplicate using identical methods. Colonies derived from mixed granulocyte-macrophage, granulocyte or macrophage (CFU-GM colonies), and erythroid (BFU-E colonies) progenitors were scored after 7 to 10 days of incubation at 37°C with 5% CO 2 . Megakaryopoiesis cannot be evaluated using this system as the serum-based medium contains transforming growth factor ␤ (TGF-␤), which inhibits megakaryocyte production.
Flow cytometry. Single-cell suspensions of BM and spleen cells were labeled with antibodies to detect granulocytes (Gr-1), erythrocytes (TER-119, which labels proerythroblasts to mature erythrocytes), or B lymphocytes (B220) by flow cytometry. Briefly, cells were isolated from tissue, and the concentration was adjusted to 1 ϫ 10 6 cells/ml in staining buffer (phosphate-buffered saline with 3% fetal bovine serum). Then 2.5 ϫ 10 5 cells were labeled with Gr-1-phycoerythrin (0.025 g; BD Pharmingen, San Jose, CA), TER119-phycoerythrin (0.05 g; BD Pharmingen), or B220-fluorescein isothiocyanate (0.125 g; R&D Systems, Minneapolis, MN). Fluorescein isothiocyanate-and phycoerythrin-conjugated isotype antibodies were used to prepare negative controls. Cells were incubated with antibody at room temperature for 20 min, washed, fixed for 30 min at room temperature with CytoPerm/CytoFix (BD Biosciences), and washed again in staining buffer. Samples were stored at 4°C overnight before they were analyzed with a Cytomics FC500 flow cytometer using CXP software (Beckman Coulter, Miami, FL); 10,000 events were acquired per sample.
Spontaneous BM cytokine production. BM cells from infected and uninfected mice (days 2 and 6 postinfection) were washed twice with IMDM (1,500 rpm, 5 cells/ml/well in a 24-well culture plate (Corning, Cambridge, MA). BM supernatants were collected after 24, 48, and 72 h and frozen at Ϫ80°C until they were analyzed. All BM supernatants were submitted to the Cytokine Reference Laboratory (University of Minnesota). BM cytokine concentrations were determined for undiluted samples by performing a multiplex bead-based assay using the Luminex system (Luminex Systems, Austin, TX), Bioplex software (Bio-Rad, Hercules, CA), and mouse-specific bead sets (R&D Systems) according to the manufacturers' instructions. Concentrations were interpolated from standard curves for recombinant mouse proteins (R&D Systems). The cytokines measured included granulocyte-monocyte colony-stimulating factor, tumor necrosis factor alpha (TNF-␣), monocyte chemoattractant protein 1 (JE), keratinocyte-derived chemokine (KC), macrophage inflammatory protein 2 (MIP-2), IL-1␤, IL-6, and gamma interferon (IFN-␥). TGF-␤1 was assayed separately using a standard enzyme-linked immunosorbent assay format (Cytokine Reference Laboratory, University of Minnesota).
RNA isolation and real-time qPCR. Total BM RNA was obtained from banked BM cells stored at Ϫ80°C. RNA was extracted using an RNeasy mini kit (Qiagen, Valencia, CA). RNA was isolated using the manufacturer's protocol. cDNA was prepared using a QuantiTect reverse transcription kit (Qiagen, Valencia, CA). Expression of CXCL12 was assessed using an inventoried gene expression assay (Applied Biosystems, Foster City, CA). A murine glyceraldehyde-3-phosphate dehydrogenase assay was performed as an endogenous control, using a gene expression assay (catalog no. 4352932E; Applied Biosystems, Foster City, CA).
Statistical analyses. Statistical analyses were performed using Student's t test (Microsoft Office Excel 2003; Microsoft Corporation, Bellevue, WA) or simple regression analysis (InStat 3 for Windows; GraphPad Software, Inc., San Diego, CA). A P value of Ͻ0.05 was considered significant.
RESULTS
Mice infected with A. phagocytophilum via tick bites become bicytopenic. Cytopenias characterize A. phagocytophilum infection of humans, other animals (5, 43, 48) , and mice following i.p. inoculation (10, 12, 33) . However, the occurrence of cytopenias in mice when they are infected via tick bites, the physiologically relevant route of infection, has not been established. Thrombocytopenia occurred in all infected mice. It occurred rapidly, by day 4 postinfection, and persisted throughout the duration of the study (3 weeks) (Fig. 1A) (P Ͻ 0.01 for all days sampled). The platelet counts for infected mice were 33% to 52% lower than the platelet counts for uninfected mice on all sampling dates. The mean platelet volumes for infected and uninfected mice did not differ on any day postinfection (P Ͼ 0.05 on all days sampled) (data not shown). Infected mice also became anemic, as shown by a significant decrease in the number of red blood cells on days 4 and 7 postinfection (P Ͻ 0.03 for both days) (Fig. 1B) . The anemia was mild and lasted only a short time, consistent with the anemia observed in naturally infected animals, humans, and the i.p. infection murine model (5, 33, 43) . Leukocyte abnormalities, including leukopenia and lymphopenia, were not observed in this study; however, they have been described in previous studies (4, 7, 10) .
A. phagocytophilum infection results in profound multilineage alterations in committed HPC populations in BM and in the spleen. Lineage-committed myeloid cells arise from mul-
A. phagocytophilum infection modulates BM cytokine production. BM cells from infected and uninfected mice were isolated and plated in medium for 72 h. BM supernatant was harvested, and the cytokine protein concentrations were measured using multiplex Luminex technology. BM cells isolated from mice at day 6 after i.p. infection produced significantly elevated levels of TNF-␣, JE, KC, MIP-2, and IL-6 compared to BM cells isolated from uninfected mice (P Ͻ 0.05 for all comparisons). Each filled square represents an infected mouse, each open circle represents an uninfected mouse, four mice were used for each time point, the lines indicate the average concentrations for infected or uninfected mice, and the experiment was repeated twice.
FIG. 4.
Pathogen burden in blood is not related to thrombocytopenia. There was no correlation (R 2 ϭ 0.03, P ϭ 0.43) between the pathogen burden in blood and the platelet count on any day postinfection, and the experiment was repeated twice. The mice with the lowest platelet counts often had very low pathogen burdens, as assessed by qPCR for A. phagocytophilum p44 DNA. tipotent progenitor cells in the BM and, potentially, the spleen. These restricted progenitor cells can be enumerated using CFU assays. A. phagocytophilum-infected mice showed a marked decrease in total BM colony formation from day 4 to day 21 postinfection. Significant decreases were noted in both granulocytic-macrophage (CFU-GM) and erythroid (BFU-E) lineages ( Fig. 2A and 2B [the data shown are data for tick infestation]) (P Ͻ 0.05 for all days sampled). Marked decreases in the number of BM CFU also occurred after i.p. infection with A. phagocytophilum (data not shown). Our findings support the conclusion that there were infection-induced global decreases in the number of lineage-restricted colony-forming cells in murine BM. Conversely, A. phagocytophilum infection resulted in a marked increase in the number of splenic CFU (Fig. 2C) . This increase included a significant increase in the number of CFU-GM colonies on days 4, 8, and 11 postinfection ( 2C) (P Ͻ 0.05). These findings support the conclusion that there was infection-induced augmentation of HPCs in the spleen as a result of mobilization of progenitor cells from BM or expansion of preexisting splenic progenitor cells.
BM alterations are associated with a predominantly myelosuppressive cytokine profile. Hematopoiesis is regulated by a variety of chemokines, cytokines, and growth factors. Infection-induced alterations in these soluble BM factors may contribute to myelosuppression. We hypothesized that infection would induce myelosuppressive cytokines preferentially over proinflammatory or stimulatory cytokines, including growth factors. A. phagocytophilum infection did not modulate the BM concentrations of granulocyte-monocyte colony-stimulating factor, IL-1␤, IFN-␥, or TGF-␤1 (data not shown). There were no differences in the cytokines produced by BM cells taken from infected and uninfected mice on day 2 postinfection. Conversely, BM cells taken from mice on day 6 postinfection produced significantly more KC, MIP-2, JE, TNF-␣, and IL-6 than BM cells taken from uninfected mice produced after 24, 48, and 72 h of ex vivo culture (Fig. 3 [the data shown are cytokine concentrations after ex vivo culture for 72 h]). The CXC chemokines KC and MIP-2 and the CC chemokine JE are well-documented myelosuppressive chemokines (13, 14, 16, 52), whereas IL-6 and TNF-␣ are classic proinflammatory cytokines. The level of TNF-␣ was elevated twofold compared to the level for uninfected mice (Fig. 3) and was ϳ80 pg/ml, a concentration far lower than the blood concentration of TNF-␣ induced by Escherichia coli (64) . Our findings are compatible with the findings obtained in a previous study performed with human BM cells (35) and support the hypothesis that there is a mixed BM cytokine response skewed toward myelosuppressive chemokine production.
A. phagocytophilum-induced myelosuppression and thrombocytopenia are independent of the pathogen burden in BM and blood, respectively. A. phagocytophilum infection is an acute infection in C3H mice, and the peak pathogen DNA level is found in peripheral blood from day 7 to day 12 postinfection (1, 33) . C3H mice generally fully clear A. phagocytophilum by 3 to 4 weeks postinfection (32, 33) . In our studies, all control mice were PCR negative for A. phagocytophilum DNA at all time points. The peripheral blood of all infected mice was PCR positive. Unfractionated BM was PCR positive for 87.5% of the experimental mice. The quantity of pathogen DNA (per 2.5 ϫ 10 5 cells) was greatest in peripheral blood ( Table 1) . In blood, infection peaked at day 7 and for the most part was cleared by day 21 postinfection. The pathogen burden in BM was Ͻ1% of that in whole blood from the same animal (Table  1) . Thrombocytopenia is the most consistent hematologic alteration associated with GA in all species (4, 12, 43, 47) . Thrombocytopenia was present even when the pathogen burden in blood was negligible ( Fig. 1 and 4) . The pathogen burden in blood did not correlate with platelet number (Fig. 4) (R 2 ϭ 0.03, P ϭ 0.43). These findings suggest that alterations in hematopoietic proliferation or differentiation are not directly related to the presence of significant pathogen DNA in BM. However, even a small pathogen presence could play a large role in hemic cell trafficking or cytokine production in BM. Similar to other reports (17, 53) , we found that significant infection-induced pathology, including myelosuppression and thrombocytopenia, is likely not related to the presence of the pathogen in affected tissues.
A. phagocytophilum infection results in a constellation of changes in hematopoietic cell compartments. Given the profound loss of committed progenitor cells in the BM, we assessed specific kinetic alterations in the erythroid, granulocytic, and lymphoid BM lineages. Infection with the LPS-negative pathogen A. phagocytophilum resulted in significant depletion of Ter-119 ϩ BM erythroid cells on day 4 postinfection (P ϭ 0.02) (Fig. 5A) , concurrent with anemia. Depletion of BM B lymphocytes began at day 6 postinfection (P ϭ 0.08) (Fig. 5B) , and there was a significantly lower percentage of B lymphocytes in BM by day 8 postinfection (P ϭ 0.007) (Fig. 5B) . Reciprocal hyperplasia was noted in the granulocytic lineage along with significant increases in the total number of Gr-1 ϩ cells on days 4 to 8 postinfection (P Յ 0.01 for all days) (Fig.  5C ). Gr-1 lo/int cells represent mitotic granulocyte progenitor cells (promyelocytes and myelocytes) (56, 58) . A wave of mitotic activity in the granulocyte lineage (Gr-1 lo/int cells) began at day 4 postinfection (20% of all Gr-1 ϩ cells, compared to 11 to 12% of the cells in control mice), and there was a significantly increased granulocyte mitotic pool on days 6 and 8 postinfection (P Ͻ 0.001 for both days) (Fig. 5C) , concurrent with B-lymphocyte and erythroid depletion (Fig. 5D ). Infection with A. phagocytophilum elicits an inflammation-like profile of changes in BM (58) with a strong reciprocal relationship between granulocytic hyperplasia and B-lymphocyte depletion (R 2 ϭ 0.67) (Fig. 5E ) (37) . However, unlike the effects of other inflammatory stimuli, such as endotoxin and TNF-␣, A. phagocytophilum infection-induced alterations in the BM are accompanied by thrombocytopenia and anemia but not by a reactive neutrophilia.
BM lineage shifts are accompanied by decreased expression of CXCL12. The mechanisms responsible for A. phagocytophilum-induced hematopoietic alterations in progenitor and lineage-committed cells are not known. However, in one model of immunization-induced inflammation, decreased CXCL12 expression in BM cells was associated with increased granulopoiesis and B-lymphocyte depletion from the BM (59). We hypothesized that A. phagocytophilum infection may similarly result in downregulation of BM CXCL12. The expression of CXCL12 mRNA was significantly decreased (seven-to nine- fold) in total BM cells on days 6 and 8 after i.p. infection compared to the expression in uninfected mice (Fig. 6 ). This significant decrease in CXCL12 expression was closely correlated with the B-lymphoid depletion and increased granulopoiesis that were observed (Fig. 5D and 6 ). Our findings suggest that CXCL12 may favor B-lymphocyte retention within the BM during A. phagocytophilum infection.
Infection with A. phagocytophilum results in marked splenomegaly characterized by lymphoid hyperplasia and extramedullary hematopoiesis, predominantly erythropoiesis. Splenomegaly is a well-characterized pathology associated with A. phagocytophilum infection (33) . In addition, inflammation and endotoxin can induce BM granulocytic hyperplasia and shunting of erythropoiesis to the spleen (27, 50) . Given our comparable BM findings, we investigated whether splenomegaly may be due in part to increased numbers of lineage-committed progenitor cells. Spleen weight was significantly increased by day 6 postinfection and remained significantly increased through day 19 postinfection (P Ͻ 0.05 for all days) (Fig. 7A) . This splenomegaly was associated with marked hypercellularity (data not shown). The histopathologic evaluation results concurred with previous observations indicating that splenomegaly was due to expansion of lymphoid follicles (lymphoid hyperplasia) and marked extramedullary hematopoiesis in the red pulp (Fig. 7B) (33) . Hematopoietic alterations were characterized by a significant expansion of Ter-119 ϩ erythroid precursors at days 6 to 8 postinfection (P Ͻ 0.001) (Fig. 7C) , significant increases in the number of B lymphocytes at days 6 to 8 postinfection (P Ͻ 0.001) (Fig. 7D) , and significant marked increases in the number of Gr-1 ϩ granulocytic cells at days 4 to 8 postinfection (P Ͻ 0.001) (Fig. 7E ). Splenomegaly associated with lymphoid hyperplasia and extramedullary hematopoiesis accompanies many inflammatory conditions, and a shift of erythropoiesis from the BM to the spleen is a well-characterized response to endotoxin and inflammation in the mouse (27, 50, 57) .
DISCUSSION
A. phagocytophilum is an obligate intracellular, endotoxinnegative pathogen (38) that induces significant alterations in BM and spleen HPCs and peripheral blood cells. Specifically, A. phagocytophilum infection results in anemia and thrombocytopenia in blood, granulocyte hyperplasia and erythroid and B-lymphocyte depletion in the BM, and concomitant increased hematopoiesis in the spleen. These effects mimic those of endotoxin and other inflammatory stimuli, for which early observations revealed splenomegaly due to erythropoiesis and overall BM hypocellularity due to decreased numbers of erythroid cells, along with concurrent increases in granulopoiesis (27, 50, 57, 65) . Our findings and other findings support the hypothesis that there is a nonspecific yet highly conserved and orchestrated pattern of hematopoietic alterations resulting from a variety of stimuli, including infection with Anaplasmataceae family pathogens (A. phagocytophilum and Ehrlichia muris [42] ) and E. coli (54) , administration of endotoxin (27, 57, 65) or turpentine (50) , immunization (acting via TNF-␣) (58, 59) , and shock and injury (40) .
Inflammation-mediated shifts in hematopoietic subsets generally result in peripheral blood changes that facilitate infection control, including heightened production and release of neutrophils (neutrophilia and left shift), lymphopenia (altered lymphocyte trafficking and homing to nodes), and sequestration of iron with resultant anemia of inflammatory disease. Infection with many of the Anaplasmataceae family pathogens also results in mild anemia and variable lymphopenia; however, neutrophilia and left shift, reflecting BM hyperplasia, are rarely observed. As A. phagocytophilum resides primarily in host neutrophils, this unique host cell-pathogen interaction may contribute to the absence of neutrophilia in spite of the induction of inflammation-like BM changes. A. phagocytophilum survival strategies include numerous specific host cell functional alterations, such as downregulation of the host cell proinflammatory response (9) , reduced oxidative burst (19) , and delayed apoptosis (9, 28, 63) , many of which may alter neutrophil trafficking. A. phagocytophilum does not appear to rely on Toll-like receptors for stimulation of the innate immune response (60) . Pathogen infection also does not elicit a typical acute-phase response characterized by systemic TNF-␣ and IL-1 cytokine production; however, it does result in production of the chemokine IL-8 (2). Thus, granulocyte hyperplasia in the BM with increased neutrophil release may be mitigated by infection-induced IL-8 production and neutrophil functional alterations directing the increased numbers of neutrophils out of the circulating blood pool. IL-8 production may direct neutrophil trafficking to include splenic or endothelial sequestration. Tissue or endothelial sequestration of neutrophils may promote pathogen transfer.
The marked decrease in lineage-committed progenitor cells in BM may be a result of HPC mobilization, apoptosis, or failure of progenitor differentiation or proliferation. These results are unlikely to be directly attributable to altered stromal cell function or cytokine production as the CFU assays are performed in the absence of stromal cells and with cytokine supplementation. Mobilization is suggested by previous work (27, 40, 54, 58, 59, 64) and by hematopoietic alterations that we noted in the spleen; however, further work is need to fully delineate the mechanism(s) underlying the loss of lineagerestricted progenitor cells from BM. Furthermore, in the absence of cytokine supplementation, BM cells from infected mice exhibited a mixed cytokine-chemokine secretion profile.
(extramedullary hematopoiesis) (magnification, ϫ10). (C to E) Splenic cells were harvested from infected and control mice on days 0, 2, 4, 6, and 8 after i.p. infection. Cells were labeled with lineage-specific markers that recognize erythrocytes (Ter-119), B lymphocytes (B220), and granulocytes (Gr-1). The plots are representative dot plots. (C) There was a significant increase in the absolute numbers of erythroid precursors at days 6 to 8 postinfection (P Ͻ 0.001 for both comparisons). (D) The relative percentage of B lymphocytes was decreased at days 6 to 8 postinfection. However, due to splenomegaly, the absolute numbers of B lymphocytes were significantly increased at days 6 to 8 postinfection (P Ͻ 0.001 for both comparisons). (E) Infected mice had significantly increased numbers of granulocytic cells in their spleens on days 4 to 8 postinfection (P Ͻ 0.001 for all comparisons). The experiment was performed twice. Notably, production of the murine IL-8 homologues and production of IL-6 are significantly increased. Although it is tempting to speculate that IL-6 production could be partially responsible for the granulocytic hyperplasia noted on days 6 to 8 postinfection, in a separate experiment specific antagonism of IL-6 did not reverse the hyperplasia (data not shown). The IL-8 homologues JE and KC are myelosuppressive (16, 18) . Given the role hypothesized for IL-8 in this neutrophil-tropic infection (2), hematopoietic myelosuppression may be a prominent indirect side effect of infection. The absence of IFN-␥ production in BM supernatants is interesting given the prominent systemic production of IFN-␥ during A. phagocytophilum infection (1). IFN-␥ is produced primarily by T lymphocytes (CD3 ϩ ) and natural killer cells. The concentration of IFN-␥ in a particular tissue depends on the number of cells producing the cytokine, as well as the degree of cellular stimulation resulting in activation. We propose that the absence of IFN-␥ production in BM supernatants is due to the relative absence of CD3 ϩ cells in BM of C3H mice (ϳ3.5% of BM cells in C3H mice) and the abundance of these cells in the spleen (ϳ25% of splenocytes in C3H mice). The spleen also differs from BM in having functional natural killer cells (23) . The BM and spleen may also have different levels of cellular stimulation, resulting in variable IFN-␥ secretion. Systemic effects of increased IFN-␥ levels may influence the BM compartment despite a lack of increased local production by BM cells.
Thrombocytopenia is the hallmark of infection with many Anaplasmataceae family pathogens (particularly Ehrlichia spp., A. phagocytophilum, and Anaplasma platys) (4, 12, 43, (45) (46) (47) , yet the mechanism of this process is largely unknown. Our work did not specifically investigate BM megakaryopoiesis or mechanisms of peripheral destruction or sequestration. However, marked thrombocytopenia was noted with no evidence of increased mean platelet volume, suggesting that there was a poor BM response to thrombocytopenia in the time frame measured. In addition, routine cytologic and histopathologic evaluation of BM over the course of infection revealed no pattern of megakaryocyte hyperplasia or hypoplasia. This is not surprising as significant infection-induced effects on lineagecommitted progenitors in BM are minimally shown by histopathologic evaluation alone. Although there was a weak positive correlation between platelet number and pathogen burden, the findings were not statistically significant and are contrary to what would be expected if thrombocytopenia was a direct result of platelet-pathogen interaction (an increased number of pathogens would result in a decreased number of platelets, a negative or inverse correlation). These findings are consistent with the general conclusion that pathological changes associated with A. phagocytophilum infection are largely independent of direct pathogen infection (17, 53) .
Our research demonstrates that A. phagocytophilum infection induces cytopenias, shifts in hematopoietic cell subsets, alterations in BM cytokines, and decreases in the number of lineage-restricted cells in BM (colony assays) regardless of the route of infection. Although these data are consistent with research that examined tissue distribution and copy number of A. phagocytophilum after i.p. and tick-borne inoculation (32) , there are subtle differences between the models. In our hands, tick-borne infection almost always elicits more profound changes. For example, the thrombocytopenia lasts longer (Ͼ21 days in the current work versus 10 days after i.p. infection) (12) , and the decrease in hematopoietic activity is more substantial and prolonged (Ͼ21 days in the current work, compared to 12 to 14 days after i.p. infection [data not shown]) after physiologic infection. We postulate that this may be due to the immunomodulatory and infection-promoting effects of tick saliva (6, 29, 62) that do not occur with needle inoculation.
Many infectious agents, especially viral pathogens, cause marked alterations in HPCs either by mobilization, apoptosis, or failure to differentiate or proliferate (24, 55) . In addition, several non-LPS pathogens, notably Plasmodium falciparum (3, 31) and Leishmania spp. (21, 30) , also alter hematopoiesis. The alterations are variably attributed to pathogen persistence (31), cytokine-mediated BM suppression (21, 30) , and hemic cell apoptosis (3). Our findings suggest that BM dysfunction due to infections with Anaplasmataceae family pathogens more likely results from cytokine-mediated effects than from direct BM infection and pathogen persistence. Elucidation of the mechanisms underlying alterations in hematopoiesis may permit more directed interventions for the occasionally severe hematologic consequences of these infections.
